This paper proposes a benchmark problem suite for studying the physics of next-generation fuels of light water reactors. The target discharge burnup of the next-generation fuel was set to 70 GWd/t considering the increasing trend in discharge burnup of light water reactor fuels. The UO 2 and MOX fuels are included in the benchmark specifications. The benchmark problem consists of three different geometries: fuel pin cell, PWR fuel assembly and BWR fuel assembly. In the pin cell problem, detailed nuclear characteristics such as burnup dependence of nuclide-wise reactivity were included in the required calculation results to facilitate the study of reactor physics. In the assembly benchmark problems, important parameters for in-core fuel management such as local peaking factors and reactivity coefficients were included in the required results. The benchmark problems provide comprehensive test problems for next-generation light water reactor fuels with extended high burnup. Furthermore, since the pin cell, the PWR assembly and the BWR assembly problems are independent, analyses of the entire benchmark suite is not necessary: e.g., the set of pin cell and PWR fuel assembly problems will be suitable for those in charge of PWR in-core fuel management, and the set of pin cell and BWR fuel assembly problems for those in charge of BWR in-core fuel management.
I. Introduction
The working party on Reactor Physics for LWR NextGeneration Fuels in the Research Committee on Reactor Physics, which is organized by the Japan Atomic Energy Research Institute, was started in 1999 to conduct research associated with the reactor physics of advanced light water reactor fuels.
Through discussions in the working party, it was clarified that the prediction accuracy of nuclear design tools for light water reactor fuels, which will be adopted in the near future, was considered to be satisfactory. Therefore, the working party concluded that the current motivation to design new benchmark problems should be the verification of prediction capability in nuclear design for extended high burnup regions, in which no actual verification data such as critical experiments or core tracking exists. Consequently, the benchmark problems presented in this report do not take into account the current design limitations (or envelopes) of light water reactor fuels, e.g. the limitation of 235 U enrichment (5 wt%), maximum burnup or mechanical integrity.
The average discharge burnup was assumed to be 70 GWd/t throughout the benchmark problems. The discharge burnup was set based on the current design of high burnup fuels both for PWR and BWR, whose burnup limitations are 55 GWd/t.
The UO 2 and MOX fuels were both adopted in the bench-mark problems. Three different geometries are included in the benchmark problems: the fuel pin cell, the PWR fuel assembly and the BWR fuel assembly. In the simple pin cell geometry, basic nuclear characteristics such as nuclide-wise reactivity were chosen as required calculation results so that necessary information will be available for physical interpretations of calculation results from the benchmark problems. On the other hand, the PWR and the BWR fuel assembly geometry models represent more realistic configurations, and important nuclear characteristics for commercial reactors, e.g. local power peaking factor, are included in the required calculation results.
The above three configurations constitute a comprehensive benchmark problem suite for extended high burnup fuels of light water reactors. However, the dependency among the three problems is minimized, i.e. each configuration provides an independent problem. Therefore, a complete analysis of these problems is not necessary; ones can choose any single problem or any combination of them for thier analysis.
II. Specification of Fuel Pin Cell Problem

UO 2 Fuel Pin (1) General Description
A UO 2 fuel pin cell is the same fuel cell as the 17×17 type PWR fuel assembly has. The 235 U enrichment has been set to ensure mean discharge burnup of up to 70 GWd/t for 21 effective full power months operations using the three batch loading strategy. The adopted 235 U enrichment is 6.5 wt%, which exceeds the current limitation of light water reactor fuels (5 wt%).
(2) Geometrical Configuration The geometrical description and the schematic view of the pin cell geometry are given in Fig. 1 .
(3) Isotopic Compositions
Atomic number densities and fuel rod specifications are tabulated in Table 1 for UO 2 fuel. Those for structural and moderator materials are tabulated in Table 2 . Isotopic composition of Zr-nat. given in 
MOX Fuel
(1) General Description A MOX fuel pin cell is the same fuel cell as the 17×17 Note 1: UO 2 density is derived by smearing dish and chamfer of fuel pellet and by assuming 95% theoretical density (TD). Note 2: Number density of 234 U is assumed to be zero for simplicity and only those of 235 U and 238 U are taken into account in this specification. The objective of this benchmark problem is the simulation of next generation fuel whose design is not finalized, hence the detailed treatment of the isotopic composition is not taken into account here. Note 3: No thermal expansion is considered, i.e. the atomic number densities are assumed to be independent to the pellet temperature. Remarks Structural material: cladding, Boron concentration: 0 ppm Note 1: Isotopic composition of the structural material is assumed to be Zr-nat. rather than Zircaloy for simplicity. From preliminary estimations, difference of pin cell multiplication factors between Zr-nat. and Zircaloy cladding is abcut 0.1%dk/k. Therefore, selection of the structural material has no significant impact on the objective of the benchmark problem. Note 2: No thermal expansion is assumed, i.e. atomic number density of structural material is independent to its temperature. Note 3: The boron concentration is assumed to be zero since the pin cell benchmark problem is designed to be applicable both for PWR and BWR. Note 4: Moderator state of void fraction 0% (Hot) simulates the PWR operating condition. Note 5: Moderator states of equivalent BWR void fraction 40% and 70% (both Hot) simulate assembly average moderator density in BWR operating condition. These are the average values of in-channel moderator, whose void fraction is 40% or 70%, and gap water, water rod and/or water channel whose void fraction is 0%. Note 6: Grid spacer is neglected for simplicity. Note 7: Temperatures of hot and cold state are shown in Table 4 . type PWR fuel assembly has. The Pu content has been set to ensure mean discharge burnup of up to 70 GWd/t for 21 effective full power months operations using three batch loading strategy. The adopted Pu fissile content is 11 wt%, which significantly exceeds the Pu fissile content of current design (∼6 wt%) of MOX fuels for PWR. The isotopic composition of the Pu is taken from Refs. 1) and 2). Note that the fuel mechanical integrity was not taken into account in the above specifications to clarify the objective of the benchmark problem.
The geometrical description and the schematic view of the pin cell geometry are given in Fig. 1 
. (3) Isotopic Composition
Plutonium composition used in this problem is shown in Table 5 . Atomic number densities and fuel rod specifications are tabulated in Table 6 for MOX fuel. Those for structural and moderator materials are tabulated in Table 2 .
Isotopic composition of Zr-nat. given in Table 3 is recommended to be used if Zr-nat. is not available in the cross section library. (4) Temperature Temperature in each region is shown in Table 4 .
(5) Power Density The power density is 36.6 W/gHM (or 179 W/cm, 111.9 W/cm 3 ).
Conditions for Burnup Calculation
Temperature is the Hot condition shown in Sec. II-1 or II-2. Void fraction is assumed to be 0%. Zero Xenon concentration is assumed at 0 GWd/t and equilibrium Xenon concentration is assumed greater than or equal to 0.1 GWd/t.
Required Results (1) Burnup Dependency of Infinite Multiplication Factor
Output format is shown in Tables 9 and 10 A. YAMAMOTO et al. Table 11 is identical to that of the same condition in Table 7 . 
Average one group microscopic cross section of nuclide i, reaction x inside a fuel cell
Average one group macroscopic cross section of reaction x inside a fuel cell.
Note that abbreviations in Tables 9 and 10 omit upper bars ofσ
For further study, breakdown of reactivity difference can be derived from the equation below: Fuel rod pitch Note 1: The above fuel assembly has larger number of Gd bearing fuel rods than that of current assembly design from the viewpoint of moderator temperature coefficient. Note 2: The reflective (i.e. mirror) boundary condition in radial direction and infinite dimension in axial direction (i.e. zero axial buckling) are assumed. Fig. 2 Geometrical configuration of PWR UO 2 assembly UO 2 fuel and Gd bearing fuel (UO 2 -Gd 2 O 3 ) are tabulated in Table 1 and Table 12 , respectively. Table 2 shows atomic number densities of structural and moderator materials. Note that atomic number density of instrumentation thimble (I/T) and RCC guide thimble (G/T) is the same as that of the cladding material.
Isotopic composition of Zr-nat. given in Table 3 
MOX Fuel Assembly (1) General Description
A PWR MOX fuel assembly is the same geometrical configuration as a 17×17 type PWR fuel design. The average Pu fissile content is 11 wt% assuming 21 effective full power months operations using three batch loading strategy. The assembly is composed of low, middle and high Pu content fuel rods.
(2) Geometrical Configuration
The geometrical description and the configuration of the assembly geometry are given in Fig. 3 
. (3) Composition
Atomic number densities and fuel rod specifications of MOX fuel are tabulated in Table 13 . Table 2 shows atomic number densities of structural and moderator materials. Note that atomic number densities of I/T and G/T are the same as that of the cladding material.
Conditions for Burnup Calculation
Temperature is the Hot condition shown in Sec. III-1 or III-2. Void fraction is assumed to be 0%. Zero Xenon concentration is assumed at 0 GWd/t and equilibrium Xenon concentration is assumed greater than or equal to 0.1 GWd/t.
Required Results (1) Burnup Dependency of Multiplication Factor and Local
Peaking Factor Output format is shown in • Cold, 0% void • Doppler, 0% void.
IV. Specification of BWR Fuel Assembly Problem 1. UO 2 Fuel Assembly
(1) General Description A BWR fuel assembly is the same geometrical configuration as a modern 9×9 BWR fuel design (STEP3 Type). The fissile contents ensure mean discharge burnups of up to 70 GWd/t for 18 months operation. Five types of the rod enrichments are considered: four types for UO 2 rods and one type for UO 2 -Gd 2 O 3 rods, and the assembly averaged enrichment is 5.5 wt%.
(2) Geometrical Configuration
The geometrical description and the geometrical configuration along with the rod enrichment distribution is depicted in Fig. 4 
. (3) Isotopic Compositions
The atomic number densities and fuel rod specifications are tabulated in Table 17 for UO 2 fuel rods and Table 18 for Gd fuel rod. 234 U and 236 U are excluded in the analysis for simplicity.
The atomic number densities for structural and moderator materials are listed in Table 19 .
Isotopic composition of Zr-nat. given in Table 3 is recommended to be used if Zr-nat. is not available in the cross section library. design with large internal water structure, and the fissile contents ensure mean discharge burnups of up to 70 GWd/t and the cycle length of about 16-18 GWd/t. The BWR MOX assembly is composed of 77 MOX rods, five types of plutonium Note 1: Plutonium isotopic composition is the same with that used in MOX pin cell problem. Note 2: MOX density is derived by smearing dish and chamfer of fuel pellet and by assuming 95% theoretical density (TD). Table 16 should be identical to that of the same condition in Table 14 . Note 1: The position "(1, 1)" is the center of assembly and the position "(9, 9)" is the right-bottom (i.e. East-South) of assembly. Note 2: Average value is normalized to be 1.0.
(2) Geometrical Configuration
The geometrical description, the geometrical configuration and the isotopic concentration distribution are depicted in The isotopic composition of Pu is tabulated in Table 5 . The atomic number densities and fuel rod specifications of MOX rods are tabulated in Tables 20 and 21 for Gd fuel rod. 234 U and 236 U are excluded in the analysis for simplicity. The atomic number densities for structural and moderator materials are listed in Table 19 . Isotopic composition of Zr-nat. given in Table 3 
Conditions for Burnup Calculation
Temperature is Hot condition, shown in Sec. IV-1 or IV-2. In-channel Void fraction is 40%. Void fractions of Gap water, inside of the Water rods and Water channel are 0%. Power density is shown in Sec. IV-1 or IV-2. Zero Xenon concentration is assumed at 0 GWd/t and equilibrium Xenon concentration is assumed greater than or equal to 0.1 GWd/t.
Required Results (1) Infinite Multiplication Factor and Local Peaking Factor
Output format is shown in 
V. Summary
A benchmark problem suite for next-generation fuels of light water reactors for extended high burnup (approx. 70 GWd/t) was proposed. The benchmark suite consists of the fuel pin cell problem, the PWR and the BWR fuel assembly problems, and the UO 2 and MOX fuels are modeled on each configuration. The benchmark suite provides consistent and comprehensive tests for next-generation high burnup fuels of light water reactors, for which no actual measurements such as critical experiment or core tracking data exist. Therefore, the suite will be useful for further development of lattice calculation codes.
